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Abstract 
This paper describes the concurrent optimization of the design of a discus and the skill with which it is thrown. The 
objective function for optimization is the flight distance, where longer is better. Thirteen control variables are 
considered, twelve of which are concerned with the skill of the thrower. These determine the launch conditions, 
which are controlled by the thrower when he or she throws the discus. The final variable is concerned with the discus 
itself. This is the moment of inertia on its transverse axis. The optimization was carried out with the aid of a genetic 
algorithm, and the entire trend for each generation between the objective function and the control variables could be 
visualized with the aid of self organizing maps. It was found that the flight distance achieved with concurrent 
optimization was longer than that optimized for skill alone. In the case of the optimal flight, the angle of attack 
should always be less than the stalling angle. 
 
© 2012 Published by Elsevier Ltd. 
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1. Introduction  
Discus throwing is a sport in which the thrower attempts to gain the longest flight distance. Discus 
throwers develop and adjust their skills depending on the discus used. The optimal skill is applicable to 
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the discuses used in their training and those used in competitions. However, the performance could be 
maximized if the skill and the equipment are simultaneously optimized.  
In this study, concurrent optimization of both skill and equipment is carried out using an adaptive range 
genetic algorithm [1]. The objective function is the flight distance, and thirteen control variables, which 
include the launch conditions (skill) and the moment of inertia of the discus (equipment), are considered. 
Moreover, data-mining between all the parameters is accomplished by using self-organizing maps so that 
the whole trend can be visualized. A self-organizing map (SOM) is a type of artificial neural network that 
trains a set of high-dimensional input data through an unsupervised learning process, and projects them 
onto a low-dimensional output map while preserving their own features. A SOM is useful for enabling 
low-dimensional views of high-dimensional data [2]. 
2. Equations 
The inertial coordinate system is shown in Figure 1. The origin is defined as being at the center of the 
throwing circle, while the XE-axis is in the horizontal forward direction, the YE-axis is the horizontal 
lateral direction and the ZE-axis is vertically downward. The body-fixed coordinate system for the discus 
is shown in Figure 2. The origin is defined as being at the center of gravity of the discus. It is assumed 
that the geometric center of the discus coincides with its center of gravity. The xb and yb axes are each in 
the plane of the discus, and the zb-axis is orthogonal to these.  
 
 
 
Fig.1.Inertial 
coordinate system 
Fig. 2. Body-fixed coordinate system Fig. 3. Aerodynamic coefficients as functions of the angle 
of attack at 7 revolutions per second and 25 ms-1 
 
In terms of coordinate transformations [3] we then have 
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Here, (U, V, W) are the (xb, yb, zb) components of the velocity vector as shown in Figure 2. The Euler-
angle transformation matrix [mij] is defined by the quaternion parameters (q0, q1, q2, q3) in Equation (2) 
[4]. 
The equations of motion and the moment equations are 
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Here, (Xa, Ya, Za) are the (xb, yb, zb) components of the aerodynamic force, (P, Q, R) are the (xb, yb, zb) 
components of the angular velocity vector, md is the mass of the discus, g is the gravitational acceleration, 
(La, Ma, Na) are the (xb, yb, zb) components of the aerodynamic moment, and IL and IT are the moments of 
inertia of the discus about its longitudinal (i.e. in the plane of the discus) and transverse axes, 
respectively. These equations are simplified versions of the general six degrees of freedom of a rigid body 
motion. Due to symmetry of the discus, the principal moments of inertia are set to Ixx=Iyy = IL, and the 
cross inertia terms are zero. 
The experimental aerodynamic data D, L and M are obtained as functions of the angle of attack and the 
spin rate from a wind tunnel test [5]. The aerodynamic coefficients as a function of the angle of attack are 
shown in Figure 3. These are for a woman's discus at 7 revolutions per second and 25 ms-1. It can be seen 
that the aerodynamic force coefficients depend on D. The drag and lift coefficients, CD and CL, increase 
with increasing D up to a stalling angle of 30-32q. Beyond the stalling angle, CL decreases suddenly and 
abruptly with increasing D. There is little difference between them for wind speeds and the spin rate [5]. It 
is necessary to convert the experimental aerodynamic data D, L, Y and M into Xa, Ya, Za and La, Ma, Na. 
On the basis of vector analysis, D, L and Y can be converted into Xa, Ya and Za using Equation (9). The 
moments L, M and N are converted into La, Ma and Na in the same manner. 
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The derivatives of the quaternion parameters [4] are expressed by 
 
 3210 5.0 RqQqPqq                                                                                                                   (10) 
 2301 5.0 RqQqPqq                                                                                                                        (11) 
 1032 5.0 RqQqPqq                                                                                                                       (12) 
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By integrating equations (1), (3) through (8), and (10) through (13) with respect to time, the flight 
trajectory can be obtained. The numerical integration was carried out with an aid of Runge-Kutta-Gill 
method. 
3. Optimization 
3.1. Objective Function 
The flight distance, which is considered to be the objective function, is defined in Equation (14).  
 
   221 tfYtfXF EE                                                                                                                  (14) 
Here, the flight time is denoted by tf. In the optimization process, F1 should be minimized because of 
the negative sign on the right hand side. The optimization is carried out with the aid of an adaptive range 
genetic algorithm. 
Table 1. Control variables     Table 2. Constraints 
# Control 
variables 
Ranges  Constraints Meaning 
1 XE,0 -1.0ᨺ1.0 m  
g1= 2620
2
0
2
0  WVU  
The initial speed should be less 
than 26m/s. 2 YE,0 0.0ᨺ1.0 m  
3 ZE,0 -1.6ᨺ-0.5 m  g2= 
|YE_LINE(XE(tf))|᧩|YE(tf)| 
The discus should make contact 
with the ground in the field. 4 U0 -26ᨺ26 m/s  
5 V0 -26ᨺ26 m/s  
g3=   1025.1)0( 22  EE XY  
The initial position should be 
within the throwing circle + the 
arm length. 
6 W0 -26ᨺ26 m/s  
7 Ȍ0 -30ᨺ30°  
g4=᧩XE(tf) The flight direction should be in the forward direction. 8 Ĭ0 -60ᨺ60 °  
9 ĭ0 -30ᨺ30 °    
10 P0 -3ᨺ3 rev./sec.    
11 Q0 -3ᨺ3 rev./sec.    
12 R0 0ᨺ7 rev./sec.    
13 IT 0.005ᨺ0.006 kg m2    
3.2. Control variables and constraints 
The thirteen control variables are shown in Table 1. The ranges of these, which are also shown in 
Table 1, are defined such that they can cover practical values [6]. Twelve of them denoted by #1 through 
12 in Table 1 are concerned with the skill of the thrower. The other one denoted by # 13 (moment of 
inertia on its transverse axis) is concerned with the equipment, which is controlled by the designer. In 
order to obtain a harmonic optimal solution, concurrent optimization of both the skill and the equipment 
is carried out. The moment of inertia on its longitudinal axis (IL) is estimated from Equation (15). This 
linear relation is derived on the basis of experimental data. 
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The initial Euler angles, denoted by Ȍ0, Ĭ0,ĭ0, are used to describe the instantaneous attitude with 
respect to the inertial coordinate system. The Euler angles are defined as the yaw-pitch-roll sequence in 
this study. These are converted into quaternion parameters. 
Four constraints, g1, g2, g3 and g4, are considered, as shown in Table 2. These constraints are defined 
for practical use to identify the optimal solutions. 
4. Results 
The history of the optimization process is shown in Figure 4. The population is set to 200, and the 
number of generations is also set to 200. The best values of F1 for each generation are shown. The first 
twelve control parameters, from #1 through 12, are considered in the optimization of the skill. The 
moment of inertia on the transverse axis is set to IT =0.00594 on the basis of the experimental value. On 
the other hand, all thirteen control variables including the moment of inertia are considered in the 
concurrent optimization. It can be seen that the flight distance increases with the increasing number of 
generations. The skill-optimized flight distance is 72.0m (open circles) at 200th generation, while the 
concurrent optimized flight distance is 73.4m (triangles). Therefore, the flight distance is longer if both 
skill and the equipment are optimized simultaneously. Since the genetic algorithm is a type of stochastic 
method, the result depends on the population size, the generation number and the size of searching space. 
It seems that the optimal solutions at 200th generation has not fully optimized in the case of concurrent 
optimization, that is, there might be better optimal solutions. Table 3 shows a part of optimal set of 
control variables for both optimizations at 200th generation. 
 
Table 3. Optimal control variables at 200th generation 
 
Control 
variables 
Skill opt. 
=72.0 m 
Concurrent opt. 
=73.4 m 
XE,0 1.0 0.86 
ZE,0 -1.6 -1.6 
Ȍ0 -9.2 29.0 
Ĭ0 11.4 19.3 
ĭ0 30.0 -29.9 
R0 6.2 5.2 
 
Fig. 4. History of flight distance in the optimization process > @
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(a) Flight distance                                             (b) ZE                                                            (c) IT 
Fig. 5. Self-organizing maps of the objective function and control variables 
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Self-organizing maps of the objective function and the control variables for each generation are shown 
in Figure 5. These are gray scale contour maps of each objective function and the control variables. Black 
denotes the lowest value, while white denotes the highest. Hexagons are used for SOM because they are 
suitable for the segmentation or showing the relationship between nodes. The 200th generation whose 
flight distance is 73.4m is located at the bottom right hand corner of the SOM in Fig. 5-a. In Fig.5-b the 
lowest values are at this position. Thus it is clear that a longer flight distance is achieved if ZE has the 
smallest possible value in its range (highest release position). Fig. 5-c also shows relatively lower values 
to be in the bottom right corner, meaning the lower the moment of inertia the longer the flight distance.  
The time variation of the angle of attack is illustrated by Figure 6 for both cases for the 200th 
generation (73.4 m) and for the 16th generation (60.0 m). It can be seen that the angle of attack in the 
200th generation is always less than the stalling angle (=30q, dashed line), while the angle of attack 
exceeds the stalling angle in the 16th generation. The time variation of the height is illustrated by Figure 7. 
The maximum height in 16th generation is slightly higher, but it decreases in the latter half. 
 
Fig. 6. Time variations of the angle of attack Fig. 7. Time variations of the height 
5. Summary 
x The flight distance with concurrent optimization of both skill and equipment is longer than with 
optimization of skill alone. 
x The angle of attack should always be less than the stalling angle. 
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